AbstractVanadium oxide supported on the surface of titanium silicalite was investigated in benzene hydroxylation to determine its activity as heterogeneous catalyst. Effect of vanadium loading on structure and activity of titanium silicalite was investigated. On the basis of X-ray diffraction and infrared spectroscopy techniques, it was found that the titanium structure was remained on the modified catalyst. The catalytic activity of the modified catalyst was observed to be higher than that of parent catalyst.
I. INTRODUCTION

6
henol is an important intermediate compound for the synthesis of petrochemicals, agrochemicals, and plastics. Nowadays approximately 95 % of phenol production was produced by cumene process consisting of three main reaction steps (alkylation of benzene with propylene to cumene, oxidation of cumene to cumene hydroperoxide and decomposition to phenol and acetone) [1] . The advantage of the cumene process is that it takes two inexpensive starting materials, benzene and propylene and converts them into two high value useful products, phenol and acetone, using air. Despite its great success, the cumene process has some disadvantages such as the production of an explosive intermediate (cumene hydroperoxide), it has a high environmental impact, and it uses a corrosive catalyst. It is multi-step process, which makes it difficult to achieve high phenol yields in relation to benzene used and which leads to a high capital investment. It requires the uses of aggressive media (dilute sulphuric acid at 60-70 o C) and has a high acetone production as a co-product which results in an over supply in the market [2] . This situation encouraged scientists to develop other methods for producing phenol from benzene, preferably via a single-step and free of coproducts reaction, which thus would be economically favorable.
The direct hydroxylation of benzene to phenol is an attractive alternative to phenol production for economically and environmentally reason [3] . One of the alternative routes to produce phenol which has more
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Didik Prasetyoko is with Department of Chemistry, FMIPA, Institut Teknologi Sepuluh Nopember, Surabaya, 60111, Indonesia. E-mail: didikp@chem.its.ac.id. advantages is through benzene hydroxylation reaction using H 2 O 2 as oxidant agent and Titanium Silicalite-1 (TS-1) as catalyst. TS-1 is known to be an excellent catalyst for hydroxylation of benzene with selectivity to phenol reach 97% [4] . TS-1 catalyst has high catalytic activity and selectivity in oxidation reaction of aromatic compounds with H 2 O 2 which important for commercial industries [5] . However, the reaction rate of benzene hydroxylation tends to be low [6] . It is because TS-1 has hydrophobic nature [5] , and as the result H 2 O 2 adsorption which has hydrophilic nature towards active sites of TS-1 is also become slower.
Meanwhile, in the hydroxylation reaction, it is well known that the interaction between titanium and oxidizing agents (H 2 O 2 ) to form titanium-peroxo species as intermediate species from reaction between H 2 O 2 and TS-1 catalyst [7] [8] [9] , should occur before the reaction with benzene to produce phenol. The rate of the formation of titanium-peroxo depends on the rate of H 2 O 2 reach to active site in TS-1. One of the ways to increase benzene hydroxylation reaction rate with TS-1 catalyst is by making TS-1 become more hydrophilic, and the reaction rate of benzene hydroxylation will be much faster, and it's catalytic activity and selectivity higher than TS-1. Hydrophilic improvement of catalyst can be carried out by addition of metal oxide which leads to increasing of acidity properties. The metal oxide in TS-1 catalyst which act as acid site capable to increase catalyst hydrophilicity, so that reactant adsorption in catalyst becomes faster [10, 11] . In previous research done by Indrayani [12] , MoO 3 /TS-1 catalysts have showed improvement of hydrophilicity along with the increasing of MoO 3 content in MoO 3 /TS-1 catalyst. The improvement of hydrophilic character of MoO 3 /TS-1 catalyst is also accompanied with the improvement of its catalytic activity. In this research, TS-1 catalyst was modified by addition of metal oxide V 2 O 5 on the surface of TS-1 catalyst. The existence of V 2 O 5 on the TS-1 surface was observed to make this catalyst (V 2 O 5 /TS-1) has higher hydrophilic character as compared to TS-1.
II. METHOD
A. Samples Preparation
TS-1 catalyst samples were prepared according to a procedure described earlier by Taramasso et al. [13] . Tetraethyl orthosilicates, TEOS (Merck, 98%) containing 0.3145 mol of silicon was placed into a Teflon beaker and vigorously stirred. Tetraethyl orthotitanate, TEOT (Merck, 95%) containing 0.0032 mol of titanium in isopropyl alcohol was carefully added drop-wise into this TEOS. The beaker was covered with parafilm to avoid hydrolysis by air. The reactants were mixed homogeneously for 30 minute at room temperature. Then the mixture was cooled to about 0 o C. The solution of tetrapropylammonium hydroxide, TPAOH (Merck, 20% TPAOH in water), which was used as template, was also cooled to 0 o C. After a few minutes, TPAOH containing 0.1287 mol of TPAOH was added drop-wise slowly into the mixture of TEOS and TEOT. At first, one should wait a few minutes after addition of a few drops of TPAOH solution before more TPAOH solution is added, to avoid precipitation. Stirring and cooling were continued during this process. When the addition of TPAOH was completed, the mixture was heated in the temperature range of 80-90 o C for about 4 hour in order for the hydrolysis of TEOS and TEOT to take place. Distilled water was added to increase the volume of the mixture to about 127 mL, after which a clear gel was obtained. The gel was transferred into a 150 mL autoclave and heated at 175 o C under static condition. The material was recovered after 4 days of hydrothermal crystallization by centrifugation and washing with excess distilled water. A white powder was obtained after drying in air at 100 o C overnight [13] . The V 2 O 5 /TS-1 catalysts were prepared by impregnation of TS-1 with an aqueous solution containing sufficient amount of ammonium methavanadate (NH 4 VO 3 ), to yield materials with loading in the ranges of 0.5 -4 wt% of V 2 O 5 . The suspension was heated at 80 o C for 3 h under stirring condition, followed by evaporation of water, draining at 110 o C for 24 h, and calcination at 500 o C for 5 h [14] . The samples were denoted by their weight percentage of V 2 O 5 on TS-1.
B. Characterizations
The structure of catalyst TS-1 and V 2 O 5 /TS-1 was determined using X-ray powder diffraction (XRD) and infrared spectroscopy technique. X-ray powder diffraction (XRD) patterns were collected using the Nifiltered Cu-K α radiation (λ = 1.5406 Å) as the diffracted monochromatic beam at 40 kV and 40 mA. The pattern was scanned in the 2 ranges from 5 o to 50 o at a step size 0.010 o and step time 1s. Infrared spectra of the catalyst TS-1 and V 2 O 5 /TS-1 samples were collected on a Shimadzu Fourier Transform Infrared, with scans 20 s by KBr pellet method. The Infrared spectra were recorded in the region of 1400 -400 cm -1 . The acidity of samples was determined by infrared spectroscopy technique using pyridine as probe molecule. The water of the sample (10-12 mg) was locked in the cell equipped and evacuated at 400 o C under nitrogen flow for 4 h, continued by adsorption of pyridine at room temperature. After evacuation at 150 o C for 3 h, infrared spectra of the sample were recorded at room temperature in the region of 1400 -1700 cm -1 using Shimadzu Fourier Transform Infrared (FTIR). The catalysts hydrophilicity is analyzed by catalyst sample powder dispersion method at water phase and organic phase mixture (water and xylene). A mixture of xylene and water, which do not mix each other, is employed to test the hydrophobic characteristics of the samples. xylene and water of the same volume are added into a test tube to form a stable phase interface. TS-1 and V 2 O 5 /TS-1 catalyst samples are, respectively, dispersed in the xylene-water system and stirred. After the mixture has stabilized, the hydrophobic characteristics can be qualitatively evaluated by inspecting the state of the floating/sinking of samples at the interface [15] .
C. Catalytic Activity
The catalyst performance was tested in the hydroxylation of benzene using aqueous H 2 O 2 (30%) as oxidant. The reaction mixture containing benzene (1 g ), H 2 O 2 (1.32 mL), and acetoneitrile (5 g) as solvent was placed in a round bottom flask equipped with a condenser. The catalyst ( 0.15 g TS-1 based) was then added to the mixture. The reaction was carried out in an oil bath under stirring at 70 o C. The products of the reaction were analyzed by a Agilent gas chromatograph using an HP 5 non polar column with FID detector.
III. RESULTS AND DISCUSSION
A. Structural Characterization of V 2 O 5 /TS-1 Materials
TS-1 and V 2 O 5 /TS-1 catalysts were characterized by X-ray diffraction technique. The XRD patterns of the V 2 O 5 , TS-1 and V 2 O 5 /TS-1 samples with various vanadium loading are shown in Figure 1 . Characteristic diffraction lines of TS-1 is observed at 2 = 7.94; 8; 23.08; 23.62; 23.88; 23.92°. The peak at 2 around 24º is observed for the orthorombic symmetry, which is symmetry of TS-1. This Phenomenon indicates that titanium atom is already existed in the framework structure of TS-1 [16] . No diffraction line assigned for crystalline phase of the vanadium (V) oxide is present in the XRD pattern of V 2 O 5 /TS-1 catalysts; and generally, the MFI structure of TS-1 still retained after dispersion of V 2 O 5 to TS-1. This finding indicated that the MFI structure of TS-1 is not collapsed after impregnation of V 2 O 5 . The peak at 2θ, 20.2 corresponding to V 2 O 5 is not observed even for higher loadings which suggests that an amorphous or a highly dispersed state of V 2 O 5 on the surface of the support or the crystallites formed are less than 4 nm in size that is beyond the detection capability of the XRD technique [14, 17] . Thus, the absence of any V 2 O 5 or orthovanadate peaks at lower loadings, is a clear indication that vanadia exists in a highly dispersed state on the support surface.
However Table 1 .
The infrared spectra of the samples are shown in Figure 2 . Vanadium (V) oxide crystal exhibits four strong absorption bands at around 1022, 835, 627 and 480 cm -1 . The band at 1022 cm -1 could be assigned to (V = O) 3+ double bond stretching mode. The bands at 835 and 480 cm -1 are due to the asymmetric stretching mode and the rotation mode of V-O-V vibrations, respectively [18] .
Catalyst samples of TS-1 and V 2 O 5 /TS-1 shows absorption band at around 1100, 800, and 450 cm -1 , which is vibration mode of SiO 4 or AlO 4 tetrahedral. Absorption band at around 1100 cm -1 is asymmetrical vibration mode of Si-O-Si, and absorption band at around 800 cm -1 is its symmetrical vibration mode. Absorption band around 1230 and 547 cm -1 is characteristic for tetrahedral structure in framework zeolite MFI [19] . Absorption band at around 970 cm -1 is characteristic of TS-1 which is vibration mode of stretching Si-O from unit [SiO 4 ] which tied at atom Ti 4+ with tetrahedral coordination in TS-1 framework. Absorption band at this wavenumber is an evidence that titanium atom has already stayed inside the structure of catalyst framework [20] . No additional band after impregnation of V 2 O 5 on the TS-1 can be observed. This finding shows that impregnation of V 2 O 5 has not affected the MFI structure of TS-1 significantly.
The acidity of V 2 O 5 /TS-1 catalyst samples was investigated by infrared spectroscopy using pyridine as the probe molecule. Figure 3 shows the infrared spectra of the samples at various V 2 O 5 loadings after evacuation at 150 o C under vacuum for 3 h. TS-1 catalyst sample shows peaks at around 1490 and 1445 cm -1 . The peak at around 1445 cm -1 is assigned to Lewis acid sites, suggesting that TS-1 possesses only Lewis acid. Similar finding has been reported by Drago et al. [19] Table 2 also shows the area of the peak at around 1490 cm -1 that can be assigned to total amount of acid sites (Brønsted and Lewis). The table shows that the area increases as V 2 O 5 loading increases up to 4 wt%. In this study, it is suggested that the coordinately bonding of vanadium species with hydroxyl groups on the surface of TS-1 can be correlated with Brønsted acid sites. According to Table 2 , reported that the increasing of the acid site both Lewis and Brønsted are accompanied with the increasing of metal oxide V 2 O 5 content at TS-1 catalyst.
The specific surface area of TS-1 and V 2 O 5 /TS-1 catalyst samples was meansured based on the BrunauerEmmett-Teller (BET) isotherm using nitrogen adsorption. Figure 4 illustrates the N 2 adsorption / desorption isotherm of TS-1 and V 2 O 5 / TS-1 catalyst samples. The isotherm of TS-1 and V 2 O 5 / TS-1 catalyst samples exhibits a sharp transition in adsorption branch followed by a linear section with a very gentle slope, which indicates its microporous structure. The hysteresis loop at high P/P 0 (0.9-1.0) can be attributed to the interparticle spaces formed by the nanometer sized particles. Surface area progressively decreases with increasing V 2 O 5 concentration. Table 3 shows the surface area of the catalyst samples. Similar finding have been reported by Li et al. [21] , which reported that specific surface area of TS-1 catalyst is approximately 310-463 m 2 /g. The results of hydrophobic tests are shown in Table 4 . TS-1 and V 2 O 5 /TS-1 catalyst samples seem to show similar behavior during the hydrophilicity test. It indicates that the addition of metal oxide V 2 O 5 on TS-1 surface doesn't give too much effect in TS-1 catalyst properties, which is partially hydrophobic. The criterion of partially hydrophobic samples is samples float on the phase interface, after mixing for a long time, some particles still float on the phase interface.
Nevertheless, the addition of metal oxide V 2 O 5 on TS-1 surface resulted higher hydrophilicity of V 2 O 5 /TS-1 catalysts than that of TS-1 catalyst. Table 4 shows that the higher V 2 O 5 loading in TS-1 catalyst results in the faster sinks of V 2 O 5 /TS-1 catalysts into water. It proved that the increasing of the catalyst hydrophilicity character is accompanied with the increasing of metal oxide V 2 O 5 content at TS-1 catalyst.
B. Catalytic Activity
The catalytic activity of the V 2 O 5 , TS-1, and V 2 O 5 /TS-1 catalysts were tested in the hydroxylation of benzene using H 2 O 2 as oxidant and acetoneitrile as solvent at 70 o C. The main product of the reaction was phenol. Figure 6 shows the graph of the rate of formation of phenol versus reaction time in the hydroxylation of benzene using acetoneitrile as solvent.
All of samples show activity towards the the hydroxylation of benzene. Compared to V 2 O 5 /TS-1 catalysts, sample TS-1 shows the lowest rate of the formation of phenol. Therefore, the high rate of phenol formation observed in the reaction mixture catalyzed by samples V 2 O 5 /TS-1 may be due to the presence of V 2 O 5 in the catalysts. However, the yield of phenol decreased as V 2 O 5 loading increased in all reaction time.
Because the catalysts which is used in the reaction have the similar amount of TS-1, this finding suggest that in this condition, the V 2 O 5 is not active in the hydroxylation of benzene, but low concentration of V 2 O 5 improves catalytic activity. Furthermore, for the activity of V 2 O 5 /TS-1 catalysts, as can be seen in Figure 6 that the rate of phenol formation increased very rapidly at the initial stage, and then further increased gradually with the reaction time up to 6 h. The high rate of the formation of phenol observed in the initial stage of reaction time on V 2 O 5 /TS-1 catalysts can be explained in term of the hydrophilicity of the catalysts. Generally, in the catalytic reaction by heterogeneous catalysts, the first step of the reaction involve adsorption of the substrate on the surface of the catalysts to form intermediate, followed by reaction in the catalyst, and finally desorption of the product from the catalyst. In this reaction, the benzene is a non-polar molecule, while H 2 O 2 a polar molecule. Therefore, benzene will be adsorbed immediately at the catalyst with high hydrophobicity. Sample TS-1 has higher hydrophobic properties than V 2 O 5/ TS-1. Consequently, when catalyst TS-1 is added into the solution of phenol and H 2 O 2 , the adsorption of phenol on the TS-1 is faster than that of H 2 O 2 . Meanwhile, it is known that in the benzene hydroxylation, the active sites are peroxo-titanium complex which is formed by interaction of titanium species of TS-1 with hydrogen peroxide. Therefore, it is expected that the faster interaction of H 2 O 2 with titanium in the TS-1 result the faster formation of peroxo-titanium species. As a result, the formation of phenol was found to be increased. Based on these finding, it is concluded that the high rate of the formation of phenol observed on V 2 O 5 /TS-1 catalysts may due to the higher hydrophilicity of these catalysts as compare with sample TS-1. Figure 4 shows the dependence of the TOF (mol oxide/mol titanium/h) on the amount of V 2 O 5 loading in V 2 O 5 / TS-1 for the hydroxylation of benzene with aqueous H 2 O 2 at 70 0 C for 6 h. All V 2 O 5 /TS-1 catalysts showed higher TOF than the parent TS-1. Among the V 2 O 5 /TS-1 catalysts, it is found that the TOF decreased sharply with an increasing amount of V 2 O 5 loading. This finding suggests that the capability of substrate to access the peroxo-titanium active sites inside the pore of TS-1 is easier at lower amount of V 2 O 5 loading. The pore opening of TS-1 is blocked by vanadium oxide at the high amount of V 2 O 5 loading. Meanwhile, the higher activity observed in the sample with lower V 2 O 5 loading indicated that only small amount of V 2 O 5 is needed to increase the hydrophilicity of TS-1 to form peroxotitanium species. Similar findings have been reported by Prasetyoko et al. [11] , which reported that the yield of 1,2-epoxyoctane from 1-octene epoxidation decreased as WO 3 loading in TS-1 increased higher that 7 wt% due to the blocking pores of TS-1 by tungsten oxide WO 3 at the high amount of WO 3 loading in TS-1.
IV. CONCLUSION
Impregnation of vanadium oxides (V 2 O 5 ) onto titanium silicalite (TS-1) was studied. The XRD data showed that after incorporation of vanadium oxides, the MFI structure of TS-1 still remained. Bronsted acid sites have been generated in the V 2 O 5 /TS-1 catalysts. It was suggested that the Brønsted acid sites were formed due to formation of Si-O-V bond in the V 2 O 5 /TS-1 catalysts. 
